Incomplete combustion of fuel in motor vehicles results in the emission of submicron carbonaceous particles which, after cooling and dilution, contain varying quantities of extractable organic constituents. These organics are mutagenic in bacteria. Confirmatory bioassays in mammalian cells provide the capability of detecting chromosomal and DNA damage in addition to gene mutations. In order to evaluate the mutagenicity of these organics in mammalian cells, extractable organics from particle emissions from several diesel and gasoline vehicles were compared in a battery of microbial, mammalian cell and in vivo bioassays. The mammalian cell mutagenicity bioassays were selected to detect gene mutations, DNA damage, and chromosomal effects. Carcinogenesis bioassays conducted included short-term assays for oncogenic transformation and skin tumorigenesis. The results in different assay systems are compared both qualitatively and quantitatively. Good quantitative correlations were observed between several mutagenesis and carcinogenesis bioassays for this series of diesel and gasoline emissions.
Introduction
Short-term microbial mutagenicity bioassays have been extremely useful in evaluating the comparative mutagenicity of different motor vehicle emissions as well as identifying potentially carcinogenic compounds in these complex mixtures (1) (2) (3) (4) . Such studies have led to the identification of nitrated polynuclear aromatic (NO2-PNA) compounds in diesel emissions (5, 6) . Due to the unusually potent mutagenicity of several of these N02-PNAs in bacteria (7, 8) , they may account for much of the observed bacterial mutagenicity.
Concern that bacterial mutagenesis assays may "overestimate" the mutagenic activity of NO2-PNAs (9) in diesel emissions points to the importance of evaluating the mutagenic activity of these and other motor vehicle emissions in eucaryotic organisms, mammalian cells, and whole animals. Mammalian cell mutagenesis bioassays capable of detecting gene mutations, DNA damage, and chromosomal aberrations have confirmed the mutagenic activity of diesel emissions (10, 11) . Many of these assays performed with mammalian cell lines, e.g., L5178Y mouse lymphoma cells, BALB/c 3T3 cells, and Chinese hamster ovary (CHO) cells, require the addition of a metabolic activation system containing microsomal as well as other mammalian liver enzymes to metabolize polynuclear aromatic hydrocarbons (PAHs).
The objective of this paper is to review the mutagenic activity of motor vehicle emissions. The organics extractable from emission particles, which may constitute 5 to 50% of the mass of these submicron particles, have been most extensively examined in microbial and mammalian cell mutation assays. This paper compares the microbial mutagenicity, mammalian cell mutagenicity and mouse skin tumorigenicity of these organics. Whole diesel particles, gaseous emissions, and whole exhaust emissions, examined in several different in vivo bioassays for both somatic and heritable mutagenic activity, will also be reviewed.
Methodology Motor Vehicle Emission Samples
The diesel and gasoline particle emissions used in the microbial and mammalian cell mutagenesis studies reported here were collected using dilution tunnel sampling techniques (11) . The total exhaust from passenger cars or a portion of the exhaust from heavy-duty engines was diluted with filtered air (10:1) prior to collection on 20 in. x (14) , with minor modifications as described by Claxton (15) . The modifications included adding the minimal histidine to the plate media rather than to the overlay and incubating for 72 hr rather than 48 hr. Claxton initially reported the specific activity of five of these mobile source samples calculated from linear regression analysis at 100 pug of sample (15) . These data and those from the additional samples have been reanalyzed using the nonlinear model slope analyses (12, 13) , and are compared to the initial linear slopes as shown in Table 3 .
The extractable organics from the diesel particle samples were all mutagenic without the addition of metabolic activation. Comparison of the mutagenic activity in all five tester strains (16) (18) . Mortelsmans (19) found that the Mercedes diesel sample elicited a reproducible dose-related increase in the number of tryptophan-independent revertants in the absence of metabolic activation. In the presence of metabolic activation, the Mercedes diesel sample was nonmutagenic.
L5178Y Mouse Lymphoma Mutagenesis Assay
The L5178Y mouse lymphoma assay of Clive and Spector (20) bHighly toxic at less than 10 ,ug/mL.
All the diesel samples were mutagenic in the mouse lymphoma assay, and except for the Mercedes sample, all the diesel samples showed that the mutagenic activity was greater in the absence of the metabolic activation system. All the diesel organic samples were also more cytotoxic in the absence of metabolic activation than in its presence (22) . The maximum increases in mutation frequency (two to four times the spontaneous frequency) occurred at concentrations ranging from 20 to 300 pug/mL. The gasoline catalyst Mustang sample was more mutagenic and cytotoxic in the presence of metabolic activation than in the absence of the activation system. Polycyclic aromatic hydrocarbons such as benzo(a)pyrene [B(a)P] are not mutagenic in this assay without the addition of the S9 metabolic activation system. Preliminary evaluation of 1-nitropyrene (95%) in this assay suggests that it also requires an exogenous metabolic activation system for activity.
BALB/c 3T3 Mutagenesis Assay
The BALB/c 3T3 mutagenesis assay was developed by Schechtman and Kouri (24) to measure simultaneously both mutagenic activity and morphological transformation. Forward mutation is measured by using ouabain resistance (25) . Cells (1-2 x 106) were exposed in suspension for 2 hr with increasing concentrations of the diesel organics dissolved in acetone. Curren et al. (26) assayed the Caterpillar, Nissan, and Oldsmobile diesel samples, and the Mustang gasoline sample in the BALB/c 3T3 mutagenesis assay. Although several individual doses of the diesel sample did induce a significant increase in ouabain-resistant mutants, none of the samples induced a dose-dependent increase in mutation frequency. A majority of the concentrations tested appeared to be above the limit of solubility as evidenced by insoluble material in the assay. This problem had not previously been encountered when DMSO was employed as a solvent with a similar sample. Curren et al. (26) assumed that all seven doses tested may have been similar due to the solubility limits. They combined all of the mutant colonies observed for a sample and divided it by the total number of surviving cells to determine a mutation frequency for the dose range tested. Using this method of analysis, both the Nissan sample and Mustang gasoline sample were highly mutagenic (p < 0.05) both without and with metabolic activation. The Oldsmobile diesel sample showed approximately a twofold increase in mutation frequency, which was not significantly different from the solvent control, and the Caterpillar diesel sample showed no increase in mutation frequency.
Chinese Hamster Ovary Mutagenesis Assay
The CHO assay measures forward mutation at the hypoxanthine-guanine phosphoribosyl transferase (HGPRT) locus by using 6-thioguanine resistance (27) . The CHO assay was conducted with modifications by Casto et al. (28) (29) .
Cheshier et al. (30) have shown that CHO cells readily phagocytize whole diesel particles, which become closely associated with the nucleus. Under these conditions, 100 ,ug/mL ofdiesel particles caused a tenfold increase in mutation frequency above the controls (30) .
DNA Damage Assays
Saccharomyces cerevisiae D3 Recombinogenic Assay
The diploid yeast S. cerevisiae D3 can be used to measure mitotic recombination by scoring for redpigmented mutant colonies formed in the presence of adenine (31) . The mutants are generated from a recombinational event resulting from DNA breakage and repair after exposure to DNA-damaging chemicals. Initial studies on the diesel and comparative samples reported that no reproducible or doserelated responses were observed (22) . Further studies of these samples in the S. cerevisiae assay showed that two of the three diesel samples assayed, the Nissan (35) . The diesel and gasoline emission samples were tested in the SCE assay using the CHO cell system previously described (22) . This method uses a 21.5-hr sample exposure period; however, due to the cytotoxic effects of the metabolic activation system, only a 2-hr exposure period was used when the samples were tested with metabolic activation. It is not possible, therefore, to compare directly the induction of SCEs with and without metabolic activation. The slope of the doseresponse regression analysis is shown in Table 5 .
All of the diesel and gasoline samples, except the Oldsmobile sample, induced SCEs in the absence of metabolic activation. In the presence of metabolic activation, all of the diesel samples induced SCEs except the Caterpillar sample. The significantly lower activity in the presence of activation is pre- CNT = not tested. 
Chromosomal Aberrations Chromosomal Aberrations in CHO Cells
Chromosomal aberrations that can be detected as a result of treatment of cells in culture include both numerical and structural aberrations. Scoring of numerical aberrations, however, is not generally recommended for this assay. Structural aberrations include breaks, deletions, gaps, exhanges, or translocations at chromosomal and/or chromatid levels. These aberrations are generally observed 6 to 24 hr after cell treatment. In order to determine the optimal time after treatment to observe aberrations, CHO cells treated with the Nissan sample for 6 hr were scored for structural chromosomal abnormalities at 12, 15, and 21 hr (36) . A summary of those results is shown in Table 6 . A dose-related positive response was observed at all three time periods.
Chromosomal Aberrations in Human Lymphocytes
Human lymphocytes freshly isolated from blood samples taken from normal individuals can be exposed to chemicals in vitro and analyzed for chromosomal aberrations. The diesel Oldsmobile sample was exposed to lymphocytes from two individuals at five doses ranging from 0.1 to 100 [ug/mL with and without an S9 metabolic activation system. Chromosome aberrations were scored by McKenzie according to previously published criteria (37) . In the absence of metabolic activation, treatment of lymphocytes with the diesel Oldsmobile sample resulted in a four-to fivefold increase in the percentage of cells with chromosomal aberrations over the dose range tested. Chromosome and chromatid breaks and aneuploidy were observed at 0.1 to 1.0 pRg/mL. Chromosomal fragments, dicentrics, and endoreduplications were observed at doses above 5 ,ug/mL. Chromosomal and chromatid gaps were observed only at 100 pug/mL. In the presence of metabolic activation, no increase in the total percentage of cells with aberrations was observed, although an increase in chromosomal fragments and dicentrics was observed.
In Vivo Mutagenesis Bloassays The fruit fly, Drosophila melanogaster, provides a well-defined genetic test system to measure inherited damage. Two independent investigatos (40, 41) have evaluated the mutagenicity of whole diesel emissions by using the D. melanogaster sex-linked recessive lethal assay. Nix (41) also tested the gaseous emissions from filtered exhaust. Neither the whole nor filtered exhaust was found to induce mutations in this assay.
Whole animal rodent bioassays using mice or hamsters provide the opportunity to measure genetic damage (e.g., induction of micronuclei or induction of SCEs) in somatic cells as well as heritable genetic damage. Both mice and hamsters have been used in studies by Pereira (42) and Rounds (43) to measure induction of micronuclei and SCEs in bone marrow, lung cells and fetal liver after exposure to whole diesel emissions. In all of these studies except the lung cell SCE assay, the whole emissions were negative. After exposure to collected particles, the SCE assays were positive in both bone marrow and lung cells. All of these genetic damage assays in somatic cells were positive when the animals were treated with the organics extracted from diesel particles. These studies suggest that the organics associated with diesel particles are capable of inducing genetic damage in somatic cells in the lung, bone marrow, and fetal liver. However, under conditions where the animals were exposed to high concentrations of whole diesel exhaust for several months, only induction of SCEs in lung cells was observed. These results suggest that insufficient concentrations of the mutagenic organics would reach the germinal cells to cause heritable mutations.
Heritable mutations in mice after exposure to diesel exhaust were assayed for by Russell et al. (44) using the specific locus, dominant lethal and heritable translocation assays. The results in all the heritable mutagenesis assays were negative.
The in vivo mutagenesis studies further confirm the mutagenic activity of the organics associated with diesel particles, while showing the lack of transmitted genetic effects after animal exposure to whole diesel exhaust emissions. These findings suggest either that the mutagenic components do not reach the gonads or that the heritable genetic assays were insensitive to the frameshift mutagens present in diesel emissions. Polycyclic aromatic hydrocarbons and other frameshift mutagens such as the N02-PNAs have not been well studied in either the Drosophila or mouse heritable mutagenesis assays.
Carcinogenesis Bloassays Oncogenic Transformation Assays
Chemically induced carcinogenesis is currently considered to be a multistep process that may involve Several of the diesel and gasoline samples in Table 1 have been tested in two oncogenic transformation assays. Curren et al. (26) , using mouse embryo cells (BALB/c 3T3), found that all of the diesel and gasoline samples, except the Caterpillar sample, induced some transformed foci. Dose-related responses were not observed, which may be due to the problems discussed above with the BALB/c mutagenesis assay that was conducted simultaneously. Casto et al. (28) , using primary SHE cells, found that none of the diesel or gasoline samples caused transformation in these experiments. Unfortunately, lack of induction of transformation by one of the positive controls and difficulties in obtaining acceptable lots of serum for these assays prevented further testing.
Viral Enhancement of Transformation
The viral enhancement assay measures the increased sensitivity of cells to virus-induced transformation. Although this assay is listed with the transformation assays, Casto et al. (45) have reported the significance of DNA damage and repair in the enhancement of viral transformation by chemicals. This assay may be a measure, therefore, of DNA damage. The viral enhancement of the transformation assay of Casto (46) was employed in the evaluation of the diesel, gasoline and several comparative samples (29) . The transformation frequency was determined (number of transformed foci per 106 surviving cells) in at least three separate experiments. The dose-response curves for selected experiments were reported by Casto et al. (28) . The combined data from all experiments were pooled and reanalyzed to determine the slope of the dose response. Concentrations resulting in less than 10% survival were not used in determining the slope of the transformation response, as shown in Table 8 .
All of the diesel and gasoline samples, except the Caterpillar sample, increased the viral enhancement of transformation. The Oldsmobile and VW Rabbit samples were very weakly active, and the dose responses had low r2 values, 0.68 and 0.25, respectively. The variation in response between the three separate experiments was significant, and even the Mustang gasoline sample, which caused a 0.33 transformation frequency/,ug/mL, had an unacceptably low r2 value of 0.18 for the pooled slope analysis. The Nissan sample caused a transformation frequency equivalent to the Mustang sample, with an r2 of 0.76.
The variation in dose response observed for this assay may be due to the significant variation between different hamster embryo preparations in their response to carcinogens. For this reason each experiment was also analyzed separately and the experiment resulting in a slope with the highest r2 is also reported in Table 8 . The activity of the VW Rabbit sample is increased to 0.14 (r2 = 0.98), and the activity of the Mustang is substantially decreased to 0.024 (r2 = 0.88) by this analysis.
Skin Tumor Initiation
Mice treated topically with chemical carcinogens produce both benign (papillomas) and malignant (squamous cell carcinomas) tumors. The tumorinitiating activity of a chemical can be determined when mice are treated with a single application of the chemical and subsequently treated with a strong tumor promoter, i.e., 12-0-tetradecanoyl phorbol-13-acetate (TPA). Tumor-initiating chemicals are thought to induce somatic mutations as a result of covalent binding to DNA and other macromolecules (47) . Nesnow et al. (48) (49) (50) have reported the detailed methods and results of skin tumor initiation studies on these diesel and gasoline extracts in SENCAR mice. The skin tumor-initiating activity dData from males only (50) .
to produce papillomas of these samples is shown in Table 9 .
Papillomas were induced with all of the samples except the Caterpillar. Complete analysis of the tumor initiation activity and a discussion of the carcinogenic activity of these samples on mouse skin are reported by Nesnow et al. (49 (Table 3) , L5178Y mouse lymphoma mutagenesis assay (Table 4) , and the SCE assay in CHO cells (Table 5 ). The relative activity of the diesel and gasoline organic emission samples has been compared between these three assays and the two short-term carcinogenesis assays, which resulted in reproducible dose-response data, enhancement of the viral transformation assay (Table  8 ) and mouse skin tumor initiation assay (Table 9) .
In order to evaluate whether the relative activity of these samples correlated between assays, the activity determined from the slope of the doseresponse for each sample in one assay was plotted versus that in the second assay. Linear regression analysis and confidence bands were determined as shown in Figure 1 . The correlations, as indicated by the r2 values (Table 10) 
Conclusions
The studies reviewed here were undertaken to evaluate the mutagenicity of organics associated with motor vehicle particle emissions in a battery of mammalian cell bioassays. These data provide strong evidence that these organics are mutagenic in mammalian cells. Furthermore, the relative activity of a series of emission extract samples, which exhibit approximately one order of magnitude range inactivity in the S. typhimurium bacterial mutagenesis assay, exhibits a similar range in activity in mammalian cell assays. These studies suggest bacterial mutagenesis assays are useful in providing a relative ranking of mutagenic activity from different motor vehicle emissions which highly correlates with the relative activity in mammalian cell mutagenesis and skin tumor initiation assays.
Since a significant portion of the bacterial mutagenic activity in diesel emissions appears to be due to N02-PNA compounds, particularly mono-and dinitrated pyrenes, more studies are needed to evaluate the activity of these compounds in mammalian cells. Preliminary studies on the activity of nitropyrenes suggest that these compounds are active in mammalian cells. The concentrations of mono-and dinitrated pyrenes (51) in the samples tested here, however, can not account for all of the "direct-acting" mutagenic activity observed in mammalian cells treated with diesel particle organics. Further research is needed to identify other mutagenic and potentially carcinogenic constituents of diesel and gasoline emissions.
